The recently synthesized first 4d transition-metal oxide-hydride LaSr3NiRuO4H4 with the unusual high H:O ratio surprisingly displays no magnetic order down to 1.8 K. This is in sharp contrast to the similar unusual low-valent Ni + -Ru 2+ layered oxide LaSrNiRuO4 which has a rather high ferromagnetic (FM) ordering Curie temperature TC ∼ 250 K. In this work, using density functional calculations with aid of crystal field level diagrams and superexchange pictures, we find that the contrasting magnetism is due to the distinct spin- 
The recently synthesized first 4d transition-metal oxide-hydride LaSr3NiRuO4H4 with the unusual high H:O ratio surprisingly displays no magnetic order down to 1.8 K. This is in sharp contrast to the similar unusual low-valent Ni + -Ru 2+ layered oxide LaSrNiRuO4 which has a rather high ferromagnetic (FM) ordering Curie temperature TC ∼ 250 K. In this work, using density functional calculations with aid of crystal field level diagrams and superexchange pictures, we find that the contrasting magnetism is due to the distinct spin-orbital states of the Ru 2+ ions (in addition to the common Ni + S=1/2 state but with a different orbital state): the Ru 2+ S=0 state in LaSr3NiRuO4H4, but the Ru 2+ S=1 state in LaSrNiRuO4. The Ru 2+ S=0 state has the (xy) 2 (xz, yz) 4 occupation due to the RuH4O2 octahedral coordination, and then the nonmagnetic Ru 2+ ions dilute the S=1/2 Ni + sublattice which consequently has a very weak antiferromagnetic (AF) superexchange and thus accounts for no presence of magnetic order down to 1.8 K in LaSr3NiRuO4H4. In strong contrast, the Ru 2+ S=1 state in LaSrNiRuO4 has the (3z 2 − r 2 ) 2 (xz, yz) 3 (xy) 1 occupation due to the planar square RuO4 coordination, and then the multi-orbital FM superexchange between the S=1/2 Ni + and S=1 Ru 2+ ions gives rise to the high TC in LaSrNiRuO4. This work highlights the importance of spin-orbital states in determining the distinct magnetism.
I. INTRODUCTION
Transition-metal (TM) oxides are a great platform for functional materials due to their diverse properties such as high temperature superconductivity, colossal magnetoresistance, and multiferroicity [1] [2] [3] . These abundant properties often stem from the intimate coupling of the charge, spin, and orbital degrees of freedom associated with electron correlations. In combination with doping, pressure, strain, and/or interfacial effects, which are able to tune the charge-spin-orbital states and to manipulate the materials properties, TM oxides are deemed a fertile field for exploration of new materials and novel properties [1] [2] [3] [4] [5] . Recently, anion doping is developed, along with the conventional cation doping, to modify the properties of TM oxides via changes of valence state, covalency, and band formation etc. In particular, substituting oxide by hydride is a typical anion doping which leads to emerging of TM oxide-hydride [6] [7] [8] [9] .
TM oxide-hydrides have attracted a lot of interest as they can produce an unusual low valence state, stronger covalency due to the lower electronegativity of hydrogen (compared with oxygen), and possibly enhanced band formation and magnetic coupling due to shortened TM-H-TM bonds. For example, ATiO 3 (A = Ba, Sr, Ca) undergo an insulator-metal transition upon a hydride-foroxide substitution into ATiO 3−x H y [6] . LaSrCoO 3 H 0.7 , SrVO 2 H, and SrCrO 2 H display high-temperature magnetic ordering [7] [8] [9] . Very recently, the first 4d TM oxide-hydride, LaSr 3 NiRuO 4 H 4 , was synthesized from the Ruddlesden-Popper LaSr 3 NiRuO 8 via topochemical anion exchange [10] . Its layered structure has the -(La,Sr)O-(Ni,Ru)H 2 -(La,Sr)O-stacking sequence along the c-axis, see FIG.1(a) . The Ni/Ru cations are bonded, along the c-axis, to two O anions of the neighboring (La,Sr)O sheets, and in the ab plane, they are coordinated completely by the H anions after the topochemical anion exchange [10] . Thus, the H corner-shared (Ni,Ru)H 4 O 2 octahedra form the (Ni,Ru)H 2 square planar sheets similar to the CuO 2 sheets in the superconducting cuprates. LaSr 3 NiRuO 4 H 4 does not display a long-range magnetic order down to 1.8 K and could thus well be paramagnetic (PM), according to the neutron diffraction and muon spin resonance measurements [10] . 
II. COMPUTATIONAL DETAILS
The DFT calculations were performed using the full-potential augmented plane wave plus local orbital code (Wien2k) [13] . Using the experimental lattice parameters of the Ni-Ru disordered LaSr 3 NiRuO 4 H 4 , a 0 =b 0 =3.623Å and c 0 =13.317Å [10] , we generate a NiRu checkerboard ordered structure with a= b= √ 2a 0 = 5.123Å and c=c 0 =13.317Å for our calculations, see FIG. 1(a). The neglect of the Ni-Ru disorder does not affect the present discussion of the local crystal field and the very weak magnetism of LaSr 3 NiRuO 4 H 4 . The theoretically optimized lattice constants, a=b=5.157Å and c=13.405Å, are almost the same (within 1%) as the experimental ones. And a 2a 0 ×2b 0 ×c 0 supercell is used to treat the intra-layer AF state of the Ni sublattice. The muffin-tin sphere radii of La, Sr, Ni, Ru, O, and H are chosen as 2.5, 2.5, 2.0, 2.0, 1.4, and 1.4 Bohr, respectively. The plane-wave cut-off energy for interstitial wave functions is set to be 12 Ry, and a mesh of 5×5×3 k-points was sampled for integration over the Brillouin zone. The atomic relaxation is carried out using the local spindensity approximation (LSDA), till the atomic forces are each smaller than 25 meV/Å. To describe the correlation effects of the Ni 3d and Ru 4d electrons, the LSDA plus Hubbard U (LSDA+U) method is employed [14] , with a common value of U=6 eV (3 eV) and J H =1 eV (0.6 eV) for the Ni 3d (Ru 4d) states. To confirm our LSDA+U results, we have also performed the PBE+U calculations and the hybrid functional PBE0 calculations [15] [16] [17] . For LaSrNiRuO 4 and the hypothetic LaSrNiZnO 4 with Zn 2+ substitution for Ru 2+ , we have used the experimental lattice parameters of LaSrNiRuO 4 , a=5.660Å, b=5.658Å, and c=6.901Å [11] (being almost the same as the op- timized values, a=5.603Å, b=5.601Å, and c=6.831Å), and have used the same computational parameters as above (except for the k mesh, here 5×5×5). [11] . However, the apical Ni-O and Ru-O bonds get longer in LaSr 3 NiRuO 4 H 4 due to an release of the lattice strain in its layered structure. 2+ S=1 state competes with the S=0 state, depending on the interplay of Hund exchange and crystal field splitting between (xz,yz) and xy. While Ru 4d Hund exchange is about 0.6 eV, the t 2g -like crystal field splitting is normally small (being few tens or hundreds of meV [18] , here about 0.2 eV according to our previous LSDA calculation [12] ). Therefore, the Hund exchange dominates over the crystal field and favors the S=1 state, see FIG. 1(d) .
III. RESULTS AND DISCUSSION
As the Ru 2+ S=0 state cannot be stabilized in our LSDA+U calculations, the magnetism of LaSrNiRuO 4 in the Ni + S=1/2 and Ru 2+ S=0 state may not be directly probed in the present work. Therefore, we attempt to achieve it in a compromise way, by studying the hypothetic material LaSrNiZnO 4 with a substitution of the nonmagnetic Zn 2+ for the S=0 Ru 2+ . This choice is also justified by the consideration that the Zn 2+ ion (0.74 A) has a very similar ionic size to the S=0 Ru 2+ (t 6 2g , probably 0.74Å) which is unavailable but can be extrapolated from the ionic sizes of 0.565Å/Ru 5+ (t ) with a gradual electron filling of the t 2g shell [19] . As seen in given by PBE0. The unique charge-spin-orbital statesNi + S=1/2 and Ru 2+ S=1 are evident. In particular, the virtual hoppings of the majority-spin x 2 − y 2 electron and the minority-spin xy and (xz,yz) electrons be-tween the S=1/2 Ni + and S=1 Ru 2+ ions produce the multi-orbital strong intra-layer (and considerably large inter-layer) FM superexchange interactions, as sketched in FIG. 1(d) . Indeed, the intra-layer AF state turns out by our PBE0 calculations to be much higher in energy than the FM ground state by 135 meV/fu, which is close to the corresponding value of 126 meV/fu given by our previous LSDA+U calculations, see TABLE II. Then, all the above results prove that the rather strong FM in LaSrNiRuO 4 can not be explained by the S=0 Ru 2+ and S=1/2 Ni + state as suggested in another study [11] , but well be explained by the robust S=1 Ru 2+ and S=1/2 Ni + ground state.
IV. SUMMARY
We 
